All animals exist in intimate associations with microorganisms that play important roles in the hosts' normal development and tissue physiology. In vertebrates, the most populous and complex community of microbes resides in the digestive tract. Here, we describe the establishment of the gut microbiota and its role in digestive tract differentiation in the zebrafish model vertebrate, Danio rerio. We find that in the absence of the microbiota, the gut epithelium is arrested in aspects of its differentiation, as revealed by the lack of brush border intestinal alkaline phosphatase activity, the maintenance of immature patterns of glycan expression and a paucity of goblet and enteroendocrine cells. In addition, germ-free intestines fail to take up protein macromolecules in the distal intestine and exhibit faster motility. Reintroduction of a complex microbiota at later stages of development or mono-association of germ-free larvae with individual constituents of the microbiota reverses all of these germ-free phenotypes. Exposure of germ-free zebrafish to heat-killed preparations of the microbiota or bacterial lipopolysaccharide is sufficient to restore alkaline phosphatase activity but not mature patterns of Galα1,3Gal containing glycans, indicating that the host perceives and responds to its associated microbiota by at least two distinct pathways.
Introduction
Animals have evolved in microbe-rich environments, and most animals form intimate, life-long associations with microbial communities (McFall-Ngai, 2002) . The commensal microbiota resident in the human gastrointestinal tract, for example, exceed the number of cells in the human body and contain a collective genome orders of magnitude larger than the human genome, encoding digestive capacities that our own bodies lack . Animal-associated microbial communities are established at stereotyped times in development, often prior to the maturation of their host organs, but they are often overlooked by developmental biologists as critical developmental determinants.
A powerful experimental approach to studying the function of the microbiota uses gnotobiology (meaning "known biome") whereby animals are derived germ-free (GF) and then analyzed in this sterile state or in the presence of defined microbes as compared to conventionally reared (CV) animals (Falk et al., 1998) . Such studies in rodents have revealed functions for the microbiota not only in nutrient acquisition (Backhed et al., 2004) , but in the maturation of the gastrointestinal tract (Bry et al., 1996) , immune (Umesaki et al., 1999) and vascular systems (Stappenbeck et al., 2002) .
We have developed a GF zebrafish model to complement investigations in rodents and facilitate the dissection of microbial signaling pathways that influence developmental programs. Here, we report how the microbiota shape epithelial differentiation and function of the zebrafish digestive tract.
Zebrafish are well suited for studying bacterial-host interactions: like mammals, they possess both adaptive and innate immune systems for modulating interactions with microbes (Trede et al., 2004) , and their tissue transparency allows visualization of internal organs and fluorescent protein-expressing bacteria in live larvae (Davis et al., 2002) . In contrast to mammals, which are first colonized by microbes in the birth canal, necessitating labor-intensive Cesarean surgery to isolate GF animals, zebrafish develop ex utero and can be reared GF by surface sterilization of the chorion (Rawls et al., 2004) . Microarray analysis of gnotobiotic zebrafish has demonstrated transcriptional changes in response to the microbiota that resemble those in mice, pointing to an evolutionarily conserved role of the microbiota in vertebrate development Rawls et al., 2004) .
The zebrafish digestive tract is similar to that of mammals in its development, organization, and function (Ng et al., 2005; Wallace et al., 2005) . Endoderm progenitors are morphologically visible at 8 h post-fertilization (hpf) (Warga and NussleinVolhard, 1999) , and the earliest gut morphogenesis is evident at 21 hpf when the cells of the rostral gut become radially organized (Wallace and Pack, 2003) . Gut development progresses in a series of events that involves organization and polarization of the columnar epithelium, characterized by the basal localization of laminin and the apical localization of beta actin and alkaline phosphatase activity starting at 34 hpf (Wallace and Pack, 2003) . As in mammals, the rostral gut develops first, followed by the hindgut and then the midgut (Wallace and Pack, 2003) . Zebrafish larvae hatch from their chorions between 48 and 72 hpf. During early larval life, polarization of the gut epithelium is completed with the formation of epithelial junctions, the elaboration of dense brush border microvilli, and the differentiation of the three cell lineages, absorptive enterocytes and secretory goblet and enteroendocrine cells (Crosnier et al., 2005; Ng et al., 2005; Wallace et al., 2005) . The zebrafish larval mouth first opens at approximately 74 hpf, followed by the vent at 96 hpf, at which point the digestive tract is a continuous tube accessible to the outside environment (Ng et al., 2005) . The gut is fully functional by the fifth day post-fertilization (dpf) when lipid and protein macromolecule uptake are apparent (Farber et al., 2001; Wallace et al., 2005) , a regular pattern of spontaneous motility is clearly visible, and exogenous feeding commences (Holmberg et al., 2004) .
The teleost intestine exhibits regional specialization along the rostral-caudal axis similar to the mammalian gut. The anterior intestine of zebrafish and other stomachless teleosts, also referred to as the intestinal bulb or segment 1, functions in lipid absorption (Farber et al., 2001; Stroband and Debets, 1978) and is marked by the expression of genes encoding proteins involved in this process such as intestinal fatty acid binding protein (Andre et al., 2000; Her et al., 2004; Mudumana et al., 2004) and microsomal triglyceride transfer protein (Marza et al., 2005) . Segment 2 extends through most of the distal intestine and is the site of protein macromolecule pinocytosis (Stroband and Debets, 1978; Wallace et al., 2005) and aminopeptidase activity (Pack et al., 1996) . Segment 3, the posterior region just proximal to the anus or vent, has been proposed to function in ion and water absorption similar to a mammalian colon (Stroband and Debets, 1978; Wallace et al., 2005) .
Both the mammalian and teleost intestines develop in an initially sterile environment but complete their maturation in the presence of microbes. In mammals, the establishment of the digestive tract microbiota begins at birth with exit of the newborn from the sterile uterus and exposure to microbes in the birth canal. The bacteria that colonize the gastrointestinal tract are derived from the environment but selected for their ability to survive within this niche (Ley et al., 2006; Mackie et al., 1999) . Thus, the neonatal gut is colonized largely by facultative anaerobes such as Lactobacilli that thrive in the acidic environment created by an exclusively milk-based diet. The composition of the bacterial community changes dramatically during the time of weaning to become dominated by the bacterial phyla of Bacteroidetes and Firmicutes Eckburg et al., 2005) . Much as the sterile mammalian newborn is first colonized at birth, fish are thought to acquire their microbiota from the environment at hatching (Hansen and Olafsen, 1999) . The indigenous microbiota of both fish and mammals serve similar functions in the digestive tract: they ferment polysaccharides to short chain fatty acids Horn, 1998) and confer protection against infection by pathogens ( McCracken and Lorenz, 2001; Verschuere et al., 2000) .
Here, we report on our studies of the role of the microbiota in zebrafish gut differentiation. We demonstrate that the zebrafish larval intestine is colonized with bacteria after hatching and concurrently with the final events of gut cell specification and maturation, which we refer to as differentiation. We find that in the absence of microbiota, the zebrafish gut is arrested in specific aspects of differentiation and altered in specific aspects of its function, all traits that are reversed by the introduction of bacteria later in development. Finally, we present evidence for two distinct pathways, one for which LPS is sufficient and the other requiring live bacteria, by which the host perceives and responds to its indigenous microbiota during digestive tract differentiation. Together, these studies demonstrate that the microbiota play a significant role in digestive tract development, and thus, they need to be considered as an integral part of this process.
Materials and methods

Gnotobiotic zebrafish husbandry
All experiments with zebrafish were performed using protocols approved by the University of Oregon Institutional Animal Care and Use Committee and following standard protocols (Westerfield, 2000) . GF larvae were generated in a class II A/B3 biological safety cabinet. 6 hpf embryos were soaked for 1-3 h in embryo medium (EM) containing either 100 U/ml penicillin and 100 μg/ml streptomycin or 5 μg/ml kanamycin, 100 μg/ml ampicillin, and 250 ng/ml amphotericin B. No developmental defects and similar rates of sterility were observed with the two antibiotic mixtures used. Embryos were then cleaned twice in 0.003% sodium hypochloride and transferred to 13 ml EM in 50-ml tissue culture flasks at a density of 10-20 embryos per flask; the flasks remained sealed for the duration of the experiment. CV control embryos were washed with a cell strainer to remove contaminating paramecia. Sterility of GF embryos was assessed by direct visualization using phase optics at 40× magnification, by culturing media and fish homogenates aerobically on tryptic soy agar (TSA) plates at 28°C and by PCR as described below. To generate XGF larvae, GF flasks were inoculated with 1 ml media from CV flasks (yielding a final concentration of approximately 10 3 colony forming units (CFU)/ml, as assayed by aerobic growth on TSA at 28°C) at 5 dpf and examined at 8 dpf, except for the gut motility assays in which the GF animals were inoculated at 3 dpf and assayed at 6.5 dpf. Mono-associated animals were generated by injecting bacterial culture into flasks of GF 5 dpf larvae to a final concentration of 10 6 CFU/ml. The bacterial strains used, Aeromonas veronii biovar sobria and Pseudomonas fluorescens, were cultured from homogenized zebrafish larvae and identified by 16S rRNA gene sequence and strain typing by Washington Animal Disease Diagnostic Laboratory (Pullman, WA). The Aeromonas strain was further characterized by Dr. Joerg Graf (University of Connecticut) using a panel of biochemical assays (Graf, 1999) . Microbiota from 5 dpf CV flasks were heat killed at 85°C for 1 h and 900 μl was injected per GF flask. Filter-sterilized solutions of LPS (E. coli serotype 0111:B4, Sigma) or lipid (1-Palmitoyl-2-Arachidonoyl-sn-Glycero-3-Phosphocholine, Avanti) were injected into GF flasks to a final concentration of 3 μg/ml.
PCR analysis
Bacterial DNA was extracted from zebrafish euthanized with tricaine methane sulfonate (MS222, Sigma), homogenized in digestion buffer (100 mM NaCl, 10 mM Tris-Cl, pH 8.0, 25 mM EDTA, pH 8.0, 0.5% (w/v) SDS, 0.1 mg/ ml proteinase K) and incubated overnight at 55°C. Homogenate was added to screw-cap tubes containing ∼100 mg of acid-washed glass beads (Sigma) and subjected to 1 min of bead beating at maximum speed using a Biospec mini-bead beater. DNA was extracted by phenol:chloroform and ethanol precipitation, vacuum centrifuged, resuspended in 50 μl 10 mM Tris-HCl, pH 8.5, quantified spectrophotometrically, and stored at −20°C until analyzed. Sterility of GF samples was verified by 16S rDNA PCR analysis of DNA extracted from 5-10 GF zebrafish. Primers 63f (CAGGCCTAACAGATGCAAGTC) and 1387r (GGGCGGWGTGTACAAGGC) (Marchesi et al., 1998) or 27f (AGAGTTT-GATCMTGGCTCAG) and 1492r (TACGGYTACCTTGTTACGACTT) (Lane, 1991) were used. Each reaction contained 100 ng template DNA, 20 pmol of each primer, 2 mM each dNTPs and 2.5 U Taq DNA Polymerase (New England Biolabs). Negative control reactions were performed with sterile water, which consistently yielded fewer than 40 copies of 16S rDNA per reaction. PCR was performed with a MJ Research PTC-225 thermocycler programmed for 30 cycles of 95°C for 1 min, 55°C for 1 min, and 72°C for 1.5 min followed by a final extension of 72°C for 5 min. QrtPCR was performed with eubacterial primers 1320f (CCATGAAGTCGGAATCGCTAG) and 1431r (ACTCC-CATGGTGTGACGG) (Corless et al., 2000) on DNA from 10 larvae for each sample group using ABI SYBR green PCR master mix according to manufacturer's recommendations. Cloned Pseudomonas 16S rDNA was used to quantify 16S rDNA copy number. All values were normalized to the number of 16S rDNA copies amplified from the negative control reactions.
Histology
Unless otherwise specified, zebrafish larvae were fixed in 4% paraformaldehyde overnight, embedded in paraffin, and 7-μm-thick sections were cut and mounted on glass slides. Samples were imaged on a Nikon TE2000 inverted microscope with Nomarski and fluorescence optics. Digital images were obtained with a CoolSNAP camera (Photometrics) or a QImage Micropublisher camera (QImaging Corp). Images were collected and analyzed using Metamorph and processed in Adobe Photoshop.
Fluorescent in situ hybridization
Tissue sections were incubated with pre-warmed hybridization buffer (20 mM Tris-HCl pH 7.4, 0.9 M NaCl, 0.1% SDS and 35% formamide) containing 0.25 pmol/μl oligonucleotide probe 5′ and 3′ modified with Cy3 or fluorescein (Integrated DNA Technologies). A mixture of probes Eub338-I (GCTGCCTCCCGTAGGAGT), Eub338-II (GCTGCCACCCGTAGGTGT) and Eub338-III (GCTGCCACCCGTAGGTGT), each at 0.25 pmol/μl, was used to visualize all eubacteria (http://www.microbial-ecology.net/probebase). AER642 (AGACTCTAGCTGGACAGT) and PSE224 (CCGACCTAGGCT-CATCTG) were used to visualize Aeromonas and Pseudomonas species respectively (Huber et al., 2004) .
Alkaline phosphatase
Larvae were fixed in 4% paraformaldehyde/2% glutaraldehyde overnight at 4°C and embedded in glycol methacrylate (JB4; Polysciences) for sectioning. Tissue was stained with Vector™ Blue Alkaline Phosphatase Substrate Kit III (Vector Labs) and counterstained with Vector™ Nuclear Fast Red (Vector Labs). To quantify AP activity, intestines of euthanized larvae were dissected using 0.10 mm insect pins. The tissue was weighed, homogenized, and incubated in p-nitrophenylphosphate liquid substrate system (Sigma) for 30 min, and absorbance was measured at 405 nm. The AP activity measured for a culture of Aeromonas equivalent to the number of CFU in a larval intestine was 5 orders of magnitude below that of a GF intestine, indicating that the microbiota contribute a negligible amount of AP activity to the CV intestine.
Lectins
Sections were stained with 10 μg/ml IB4-Alexa Fluor 568 or SBA-Alexa Fluor 568 (Molecular Probes). To quantify IB4 staining, 3 serial sections per fish were analyzed using Metamorph software. For each series of sections, the average fluorescence intensity was calculated within a box of fixed area immediately around the region of staining, and the background fluorescence was subtracted using the same area box in a region of the image devoid of tissue.
Cell types
Goblet cells were visualized by staining with 0.1% Alcian blue, followed by differentiation in 0.37%HCl/70%EtOH for 30 min. Serotonin-positive enteroendocrine cells were visualized with α-5HT antibody (Immunostar) at 1:1000. The monoclonal antibodies 2F11 and 4E8 (at ∼10 μg/ml) were used to visualize a superset of goblet and enteroendocrine cells and the enterocytes brush borders respectively (Crosnier et al., 2005) . Secretory cells were quantified in serial sagittal sections. Alcian blue-positive cells were scored from the distal end of the intestinal bulb to the vent. Serotonin-positive cells were only present in the most distal intestine. 2F11-positive cells were scored in the distal intestine corresponding to the three somites rostral to the vent. Total intestinal cell counts were performed on H&E stained transverse sections at three locations: (1) the esophageal-intestinal junction, (2) the intestinal bulb, 30 × 7 μm sections caudal from 1, and (3) the distal intestine, 60 × 7 μm sections caudal from 1. To visualize cell death, larvae were soaked for 30 min in 5 μg/ml acridine orange.
Gut physiology
To visualize swallowing, larvae were soaked in 5 ml sterile EM containing 25 μl 2.7% Fluoresbrite™ plain YG 1.0 micron microspheres (Polysciences) for 2 h with light agitation. To visualize lipid digestion, larvae were soaked for 2 h in 3 μg/ml PED6 (Molecular Probes). Protein absorption was measured by incubating larvae overnight in 2 mg/ml HRP (Sigma). HRP activity was detected in fixed tissue using Nova Red HRP substrate kit (Vector Labs). To measure gut motility 6.5 dpf larvae were anesthetized in 120 μg/ml tricaine methane sulfonate (MS222, Sigma), a concentration that immobilized the animals without significantly impairing gut motility. 6-min videos were recorded using Nomarski optics (20× objective) in a 3-somite-long region 4-6 somites rostral to the vent. A total of 27 CV, 27 GF, and 16 XGF animals were filmed during at least two sessions. The average time between contractions were 49, 40, and 49 s, and the average standard deviations were 8, 6, and 7 s for the CV, GF, and XGF groups respectively.
Scanning electron microscopy
Bleach-treated and non-treated embryos still in chorions at 7 hpf were fixed in 3.5% glutaraldehyde and phosphate buffer overnight, dehydrated in alcohol, critically point dried, sputter coated, and visualized using a JEOL 6400 FESEM at 10 kV.
Statistical analysis
Data were analyzed using two-sample t tests assuming unequal variances.
Results
Bacterial colonization of the zebrafish gut occurs after hatching concurrently with digestive tract differentiation
The adult gut microbiota of mouse and zebrafish have been enumerated recently (Ley et al., , 2006 Rawls et al., 2004) ; however, the establishment of the microbiota during development has never been described in a model organism. To characterize the acquisition of the microbiota during zebrafish development, we performed fluorescent in situ hybridization (FISH) with oligonucleotide probes targeted to conserved sequences of the eubacterial 16S ribosomal RNA (rRNA) gene. We observed that zebrafish embryos reared in the University of Oregon Zebrafish Aquarium Facility under standard laboratory conditions (Westerfield, 2000) exhibited densely distributed bacteria on the surface of the chorion (Fig. 1A) . Using scanning electron microscopy, we confirmed the presence of numerous microorganisms of diverse morphologies distributed on the chorion (Fig. 2F) . No signal from the eubacterial probes was observed inside the chorion in the developing embryo. By 4 dpf, within a day of mouth opening, bacteria were visible in sparse distribution in the mouth, pharynx, esophagus, and proximal intestine (Figs. 1B, F-I ). The abundance of gut bacteria increased between 4 and 8 dpf (Figs. 1C, D, J-M). The bacterial load per animal, as measured by quantitative real time PCR (qrtPCR) amplification of 16S rRNA gene sequences with conserved eubacterial primers, was consistent with the in situ hybridization data (Fig. 2I) . The number of 16S copies/ animal decreased once animals had hatched from their chorions, declined as the animals grew prior to full patency of the digestive tract and then increased after 4 dpf once swallowing commenced. Approximately 10 9 16S rRNA gene copies were measured per adult zebrafish digestive tract, indicating a level of bacterial colonization similar to that of humans in bacteria number/host mass (Savage, 1977) .
Based on sequence determination of 16S rRNA gene clone libraries and culture results, we found a predominance of Aeromonas and Pseudomonas species associated with zebrafish embryos and larvae. Our findings are similar to an independent study of the zebrafish microbiota (Rawls et al., 2004) and analysis of the microbiota of rainbow trout (Huber et al., 2004) . We used genus-specific probes to examine the distribution of Aeromonas and Pseudomonas during larval development. Consistent with the clone library and culture results, the genus-specific probes co-localized with a significant proportion of the total eubacterial signal, confirming that these two genera are major components of the larval microbiota (Figs. 1F-M). Although patterns of distribution varied among individuals, we observed some temporal and spatial differences in bacterial distribution. In particular, whereas Pseudomonas was found at 4 dpf in the distal intestine (Fig. 1I) , by 8 dpf, the predominant genus at this location appeared to be Aeromonas (Fig. 1K) . Zebrafish can be reared germ-free, ex-germ-free, and mono-associated To generate GF larvae, newly laid embryos were subjected to a series of rinses with dilute sodium hypochlorite, at a similar concentration routinely used for zebrafish quarantine procedures without causing developmental defects. Control embryos were processed in parallel by rinsing embryos through cell strainers to remove any contaminating food. Both sterilized and control embryos were reared in tissue culture flasks through 8 dpf without feeding. Our methods were similar to another group (Rawls et al., 2004) , however, Rawls and colleagues reared their GF larvae in a sterile isolator and fed them autoclaved fish feed. They report that feeding caused tissue necrosis in their GF larvae beginning at 9 dpf, a phenotype we never observed in our starved GF or CV animals, which could survive without food until 14 dpf. We focused our analysis of the GF phenotype at 8 dpf because we reasoned that any differences between the GF and CV digestive tracts would be most pronounced at this late time point but would not be due to nonspecific effects of starvation.
Bleach-treated animals were assayed for sterility by a number of criteria. In situ hybridization with the eubacterial probe detected no specific signal in GF animals (Fig. 2B) . The surface of the bleach-treated chorions were examined by SEM and found to be devoid of any intact microorganisms (Fig. 2H) . QrtPCR was used to measure the copy number of 16S rRNA gene sequences of 8 dpf animals and found to be close to the limit of detection of the assay (using sterile water as a negative control) and at least 3 orders of magnitude below the levels in CV animals (Fig. 2I) . No microorganisms were detectable in the embryo media of the GF larvae by phase microscopy using a magnification at which bacteria in media from CV fish are easily visible (data not shown), and no microorganisms were cultured from media or homogenates of GF fish on TSA at 28°C under aerobic conditions. Although we did not test directly for viral, archaeal, or eukaryotic microbial contamination, the broad-spectrum sterilization procedure used, which effectively eliminated bacteria, would be expected to remove the vast majority of fish-associated microorganisms.
To examine the effects of introducing microbes into the GF gut at a time point in development when the CV gut was fully functional, we reared GF larvae through 5 dpf and then inoculated the sterile flasks with 1 ml of media from the flasks of CV 5 dpf control siblings, yielding a final concentration of approximately 10 3 CFU/ml, as assayed by culturing on TSA. At 6 and 8 dpf, these ex-germ-free (XGF) animals had bacterial loads comparable to their CV clutch mates, as assayed by in situ hybridization with the eubacterial probe (Fig. 2C) and qrtPCR (Fig. 2I) . To mono-associate GF fish with individual bacterial species, the flasks of 5 dpf GF larvae were inoculated with a pure culture of bacteria by injection through the tissue culture flask filter top, yielding a final concentration of approximately 10 6 CFU/ml. The mono-associated fish became colonized to the same level observed in conventionally reared fish, as assayed by qrtPCR at 6 and 8 dpf (Fig. 2I) . Control GF flasks inoculated with equal volumes of sterile media remained GF by 8 dpf. Strains used for mono-associations included A. veronii biovar sobria and P. fluorescens, both isolated from homogenates of CV larvae. In situ hybridization with eubacterial and genusspecific probes of 8 dpf mono-associated larvae showed robust colonization of pure cultures of the inoculated species (Figs. Fig. 2 . Experimental manipulation of the zebrafish microbiota. Transverse sections of the anterior (A-D) and mid (E) gut of 8 dpf larvae raised CV (A), GF (B), or GF to 5 dpf and then exposed to either a complex microbiota (C), a pure culture of A. veronii biovar sobria (D) or a pure culture of P. fluorescens (E) were hybridized with eubacterial probes (red), and Aeromonas (D, green) or Pseudomonas (E, green)-specific probes. Tissue autofluorescence is in green. Scale bar in panel E = 5 μm (for A-E). The chorion of zebrafish embryos 7 hpf, visualized by SEM (F-H). At high magnification multiple microbial morphologies are visible including rod shaped cells and tetrads (F); scale bar = 1 μm. At lower magnification, whereas surface deposits are present on both untreated (G) and bleach-treated samples (H), microbes are only present on untreated chorion (G, arrow). Scale bar in panel H = 2 μm (for G, H). Quantification of 16S rRNA gene copies/fish during development (I). QrtPCR was performed with eubacterial primers on DNA extracted from GF, CV, XGF, or A. veronii biovar sobria mono-associated (AMA) larvae at the time points indicated. 2E indicates 2 dpf embryos prior to hatching and 2L indicates 2 dpf hatched larvae. The error bar represents standard deviation between at least two replicate experiments in which pools of approximately 10 larvae were measured in triplicate.
2D, E), which was also confirmed by the uniform colony morphology of microbes cultured from 8 dpf mono-associated homogenized fish.
Based on gross anatomical development and behavior, the GF larvae appeared similar to conventionally reared controls. The one difference we observed in their development was a delayed time of hatching, with only 25-50% GF embryos hatched by 5 dpf. We wondered whether the microbiota associated with the chorion might facilitate hatching. To test this possibility, we subjected embryos to our routine bleach treatment and then either maintained them in sterile embryo media or transferred them immediately to non-sterile water from the zebrafish facility. As shown in Supplemental Fig. 1 , immediately reintroducing bleach-treated embryos into nonsterile water restored embryo hatching to 100%, with a slight temporal delay. We hypothesize that the microbiota associated with the chorion play a role in degrading the chorion and thus promote hatching.
The microbiota are required for gut epithelium differentiation
We next examined the morphology and differentiation of the GF gut epithelium relative to CV animals. The GF fish exhibited no obvious increase in the amount of cell death, as assayed by acridine orange staining, and their gut tissue appeared morphologically normal, as observed in histological sections stained with hematoxylin and eosin (H&E, not shown), consistent with the phenotypic analysis of GF zebrafish reported by Rawls et al. (2004) . A final stage of gut epithelium maturation is the expression of digestive enzymes on the apical brush border. Increases in enzymatic activity are observed during early larval life in sea bass (Zambonino Infante and Cahu, 2001 ) and in postnatal GI tract maturation in rodents (Henning, 1985) . We examined the expression of intestinal alkaline phosphatase (AP) activity in GF versus CV animals.
Apically localized AP activity increased in the intestinal epithelium of CV animals between 3 and 8 dpf (Figs. 3A-D) . In contrast, the AP activity in GF animals at 8 dpf was markedly reduced (Fig. 3E) . In XGF animals re-associated with microbiota at 5 dpf, AP activity levels were restored to CV levels by 8 dpf (Fig. 3F) . To quantify this effect, intestines were dissected from CV and GF animals, homogenized, and assayed for AP activity. At 5 dpf, the AP activity in GF intestines was indistinguishable from CV intestines, but this activity failed to increase over time such that by 8 dpf the AP activity in GF intestines was significantly lower than in CV intestines, which in turn were indistinguishable from XGF intestines (Fig. 3G) . The failure of the GF intestinal epithelium to up-regulate AP activity was not due to an overall defect in enterocyte brush border maturation, as demonstrated by the robust staining with the brush border specific antibody 4E8 in GF as well as CV animals at 8 dpf (Figs. 3I, H) .
Another sensitive marker of gut epithelium maturation is the spatial expression of glycoconjugates (Falk et al., 1994) . We found two lectins that uncovered differences in glycoconjugate expression in CV and GF animals. The level of staining with soybean agglutinin (SBA), which recognizes terminal α-or β-linked N-acetylgalactosamine (GalNAcα3NAc) moieties, increased in CV animals between 5 and 8 dpf, whereas GF 8 dpf animals had lower levels of staining, equivalent to the 5 dpf CV animals (Figs. 4E-G) . The lectin Griffonia simplifolica isolectin B4 (IB4) uncovered high levels of galactoseα1,3ga-lactosyl (Galα1,3Gal) moieties on the apical epithelial surface of the esophageal-intestinal junction in CV 5 dpf larvae (Fig.  4A ), which were greatly reduced by 8 dpf (Figs. 4B, I ). In contrast Galα1,3Gal levels remained high in GF 8 dpf fish (Fig.  4C) . XGF animals exposed to microbiota at 5 dpf exhibited temporally appropriate CV patterns of glycoconjugate expression at 8 dpf (Figs. 4D, H) . The spatially restricted Galα1,3Gal expression at the esophageal-intestinal junction was amenable Fig. 3 . Intestinal AP activity is up-regulated by the microbiota. Intestinal AP activity (blue) was visualized on the brush border of transverse sections of the distal intestine from CV 2 dpf (A), 3 dpf (B), 5 dpf (C), 8 dpf (D), GF 8 dpf (E), and XGF 8 dpf (F) zebrafish. Scale bar in panel F = 5 μm (for A-F). AP activity was quantified in homogenates of dissected intestines (G). Activity of GF 5 and 8 dpf samples was indistinguishable from CV 5 dpf samples and significantly lower than CV and XGF 8 dpf samples (P < 0.001). Error bars indicate the standard deviation from at least 2 independent experiments, each using approximately 10 larvae per sample. Brush border staining with antibody 4E8 (green) is similar in CV 8 (H) and GF 8 (I) dpf larvae, counterstained with DAPI (blue). Scale bar in panel I = 5 μm (for H, I).
to quantification using image analysis software. This analysis showed that the expression in GF larvae at 8 dpf was similar to CV and GF 5 dpf and significantly higher than CV and XGF larvae at 8 dpf (Fig. 4J) .
The microbiota influence cell type census in the gut epithelium
To further characterize the differentiation of the GF zebrafish gut epithelium, we examined the two secretory cell lineages in the digestive tract, the mucous-secreting goblet cells and hormone-secreting enteroendocrine cells, which together with the absorptive enterocytes populate the gut epithelium. The population of goblet cells that secrete neutral mucins, as visualized with an Alcian blue stain, was analyzed in the distal intestine and found to increase in CV animals between 5 and 8 dpf (Fig. 5A, B, M) . In GF animals at 8 dpf, the number of Alcian blue-stained cells was similar to CV animals at 5 dpf and significantly lower than CV animals at 8 dpf (Figs. 5C, M) . A subset of the enteroendocrine cells was visualized with an antibody against serotonin. These cells in the most distal portion of the intestine, segment 3, appeared after 5 dpf (Figs. 5E, F, N) and were readily distinguished from the serotonin-positive enteric neurons by their shape and location within the intestinal epithelium. The numbers of serotonin-positive enteroendocrine cells in GF intestines at 8 dpf ranged from 0 to 6 (Figs. 5G, N) and were significantly lower than in CV animals at 8 dpf (10-18 cells; Figs. 5F, N). Analysis with the 2F11 antibody, which recognizes a superset of goblet and enteroendocrine cells (Crosnier et al., 2005) revealed fewer secretory cells in the GF intestine at 8 dpf as compared to CV controls (Figs. 5J, K, O). Introduction of a complete microbiota into GF animals at 5 dpf restored the number of Alcian-positive, serotoninpositive, and 2F11-positive cells to CV levels by 8 dpf (Figs. 
5D, H, L, M-O). The total number of intestinal cells in GF
and CV 8 dpf larvae was the same at three sites along the digestive tract, ruling out the possibility that the paucity of secretory cells in the GF intestine was due to an overall decrease in cell number (Fig. 5P) .
The microbiota are required for protein macromolecule uptake and influence gut motility
We next examined whether the GF digestive tract functioned differently from that of CV fish. When fed fluorescent dextran beads, we observed similar numbers accumulate in the guts of CV and GF larvae at 8 dpf (not shown), indicating that the GF larvae were not grossly impaired in swallowing. We tested the ability of GF larvae at 8 dpf to uptake a fluorescent phospholipase A 2 substrate, PED6, previously shown in zebrafish to be absorbed in the anterior gut (segment 1) (Farber et al., 2001) . The levels and distribution of PED6 fluorescence were similar in CV and GF intestines at 8 dpf (not shown), demonstrating that the GF larvae did not exhibit a major defect in lipid absorption. Finally, we examined protein macromolecule uptake, which can be observed in segment 2 of the distal intestine when fish are fed a solution of horse radish peroxidase (HRP) enzyme, the activity of which can be visualized within the enterocytes (Stroband and Debets, 1978; Wallace et al., 2005) . Robust HRP staining was observed within the epithelial cells of the CV 8 dpf distal intestine (Fig. 6A) , whereas it was completely absent from GF 8 dpf fish (Fig. 6B) . XGF animals colonized with bacteria at 5 dpf exhibited normal levels of HRP absorption at 8 dpf (Fig. 6C) . The lack of protein macromolecule uptake in GF animals is consistent with the absence of electron dense vesicles observed in electron micrographs of enterocytes of GF zebrafish larvae (Rawls et al., 2004) . Fig. 4 . Intestinal glycan expression is regulated by the microbiota. Sagittal sections of larvae at 5 dpf (A, E) and 8 dpf (B-D, F-H) reared CV (A, B, E, F), GF (C, G), or inoculated with microbiota at 5 dpf (D, H) were stained with the lectins IB4 (A-D) or SBA (E-H) in red and DAPI in blue. IB4 detects Galα1,3Gal moieties at the esophageal-intestinal junction (arrowheads). SBA detects GalNAcα3NAc moieties on the epithelium of the intestinal bulb (asterisks). Scale bar in panel D = 10 μm (for A-H). (I) Galα1,3Gal glycans (red) localize to the apical epithelial surface of the esophageal-intestinal junction, above the basally localized nuclei (blue), as seen in the Normarski micrograph overlay of a transverse section from a CV 8 dpf larva; scale bar = 10 μm. IB4 staining intensity at the epithelial-intestinal junction was quantified using Metamorph image analysis software (J). IB4 staining in GF 5 and 8 dpf larvae was indistinguishable from CV 5 dpf larvae and significantly higher than CV or XGF 8 dpf larvae (P < 0.0001). Error bar indicates the standard deviation of measurements for at least 8 larvae for each treatment, with 3 tissue sections quantified per larva.
Organized contractile movements along the zebrafish digestive tract first appear around 5 dpf and can be visualized with videomicroscopy (Figs. 7A-C) (Holmberg et al., 2004 ; J.K. and J.S. Eisen, unpublished results). We examined the average time between gut contractions in CV and GF animals at 6.5 dpf and in XGF animals of the same age that had been exposed to microbiota at 3 dpf. Although the rate of contractions was quite variable, we found that the GF animals had significantly faster contractions relative to the CV (P < 0.00001) and XGF fish (P < 0.01), and that the XGF animals were not significantly different from CV by t test (Fig. 7D) .
Distinct signals from the microbiota induce AP activity and restrict Galα1,3Gal expression in the GF zebrafish digestive tract
We found that all of the traits that distinguished GF digestive tracts from CV, including markers of epithelial maturation, patterns of cell specification, protein macromolecule uptake, and motility, were reversed by addition of microbiota at a later stage in development. To better characterize the microbial signals that reverse these differences, we focused on the two traits most amenable to quantitative analysis, intestinal AP activity and Galα1,3-Gal expression at the esophageal-intestinal junction. We asked whether mono-association of GF animals with pure No difference in the total number of GI epithelial cells was observed in CV and GF 8 dpf larvae, as quantified in H&E stained transverse sections at the same positions in the esophageal-intestinal junction, intestinal bulb, and distal intestine of at least 11 fish per treatment (P). Error bar represents the standard deviation between larvae. Fig. 6 . The microbiota are required for protein macromolecule absorption in the intestine. Larvae reared CV (A), GF (B), or inoculated with microbiota at 5 dpf (C) were incubated overnight in HRP and fixed at 8 dpf. HRP activity (brown) is apparent in segment 2 of whole mount preparations of CV and XGF larvae and within the epithelial cells (tissue section, insert in A) but absent in GF larvae. Scale bar = 15 μm.
cultures of strains isolated from zebrafish was sufficient to reverse these traits. GF larvae inoculated at 5 dpf with pure cultures of either A. veronii biovar sobria or P. fluorescens were analyzed at 8 dpf for intestinal AP activity and Galα1,3Gal expression. Both strains of bacteria, when mono-associated with zebrafish, were sufficient to upregulate AP activity and down-regulate Galα1,3Gal expression to CV levels (Figs. 8A, B) .
We next tested whether a heat-killed preparation of the microbiota was sufficient to reverse the GF phenotypes. Treatment of GF larvae with heat-killed bacteria at 5 dpf was sufficient to induce activity of AP to CV levels at 8 dpf (Fig. 8A) . In contrast, the expression of Galα1,3Gal at the esophageal-intestinal junction in the GF fish incubated from 5 to 8 dpf with heat-killed bacteria was indistinguishable from that of untreated GF fish (Fig. 8B) . We further tested the activity of a commercial preparation of bacterial lipopolysaccharide (LPS), which may contain trace amounts of other bioactive molecules such as peptidoglycan (Kaneko et al., 2004) . LPS solution at a concentration of 3 μg/ml was sufficient to induce intestinal AP activity in GF zebrafish (P < 0.01; Fig. 8A ) but did not down-regulate Fig. 7 . The microbiota influence gut motility. The movement of muscle contractions along the length of the intestine of live larvae at 6.5 dpf was recorded by videomicroscopy. A typical caudally directed contraction is marked by brackets for the times (in seconds) indicated (A-C). (D) The average time between contractions is shown for the CV, GF, or XGF larvae, as calculated from 6-min movies for at least 16 animals per treatment. GF fish exhibit faster contractions than CV (P < 0.00001) and XGF fish (P < 0.01), whereas XGF fish did not differ significantly from CV fish. Fig. 8 . Intestinal AP activity and Galα1,3Gal expression are regulated by distinct mechanisms. AP activity from homogenates of larval intestines (A) or IB4 staining at the esophageal-intestinal junction (B) was measured for 8 dpf larvae reared CV, GF, or GF to 5 dpf and then exposed to a complete microbiota (XGF), monoassociated with either A. veronii biovar sobria (AMA) or P. fluorescens (PMA), incubated with heat-killed microbiota (HK), 3 μg/ml LPS (LPS), or 3 μg/ml phosphocholine (lipid). The AP activity of GF animals was significantly lower than all other treatments (P < 0.01, except for lipid P < 0.05). Lipid-treated GF animals had significantly lower AP activity as compared to LPS-treated (P < 0.01). The IB4 staining of GF animals was significantly higher than the CV, XGF, AMA, and PMA groups (P < 0.001). Error bars for AP activity measurements indicate the standard deviation between at least 2 independent experiments, each using approximately 10 intestines per treatment, and for IB4 measurements, the standard deviation of measurements for at least 8 larvae for each treatment, with 3 tissue sections quantified per larva.
Galα1,3Gal expression in GF fish (Fig. 8B) . Intestinal AP functions to reduce the rate of lipid absorption (Narisawa et al., 2003) , and its activity is stimulated in rats and sea bass by lipid-rich diets (Alpers et al., 1995; Cahu et al., 2003) . Thus, one possible explanation for the up-regulation of intestinal AP in our starved GF larvae was that the dead bacteria or LPS acted as a source of lipids. To test this possibility, we incubated GF larvae from 5 to 8 dpf with 3 μg/ml phosphocholine, which we had shown to be absorbed by the GF intestine with the fluorescent analog PED6. Intestinal AP activity increased slightly with lipid treatment (P < 0.05; Fig. 8A) , however, the lipid-treated group had significantly lower activity that the LPS-treated group (P < 0.01). Thus, the up-regulation of intestinal AP activity by LPS cannot be explained simply as a lipidinduced response. Our analysis demonstrates that microbial regulation of two different aspects of gut epithelial maturation is mediated through distinct host recognition pathways, one that requires live bacteria, and another that can be stimulated by a generic bacterial compound, LPS.
Discussion
The gut microbiota constitute an extraorganismal cellular component of the digestive tract that is often overlooked by developmental biologists and physiologists. Here, we present the first description of the establishment of the gut microbiota during animal development. We demonstrate that this community of microorganisms plays important roles in the differentiation of the zebrafish gut epithelium and function of the digestive tract. In the absence of the microbiota, the 8 dpf larval gut exhibits immature patterns of brush border enzyme activity, glycoconjugate expression, and secretory cell numbers, resembling the guts of 5 dpf CV animals. In addition, the guts of GF larvae are defective in protein macromolecule uptake and exhibit more rapid motility than CV controls. Colonization of 5 dpf GF larvae with microbes from CV siblings is sufficient to reverse all of these phenotypes to that of CV animals by 8 dpf. Many of the GF zebrafish phenotypes described here resemble those in GF rodents (reviewed in Backhed et al., 2005) , indicating that the microbiota play evolutionarily conserved roles in vertebrate gut development, as suggested by the similar transcriptional responses to the microbiota observed in GF zebrafish and mice Rawls et al., 2004) .
The microbiota influence gut epithelial cell fates
Several studies, including our own, suggest that the microbiota can influence cell fate decisions in the gut epithelium. Secretory cells, both enteroendocrine cells (Uribe et al., 1994) and goblet cells (Ishikawa et al., 1986; Sharma and Schumacher, 1995) , are less abundant in the gut epithelium of GF rats, similar to our observations in GF zebrafish. Although intestinal epithelial cell proliferation is reduced in GF mice (Uribe et al., 1997) and zebrafish ( (Rawls et al., 2004) ; S.E.C and K.G., unpublished data), we observed no difference in the total number of intestinal epithelial cells in 8 dpf GF and CV larvae. Since Rawls et al. (2004) reported no difference in the rate of apoptosis between the GF and CV zebrafish gut epithelium, the GF gut may compensate for the lower birthrate of cells by extending their lifespan. Our data argue for a direct influence of the microbiota on cell fate specification in the gut, a developmental pathway known to be regulated by Notch signaling (Crosnier et al., 2005; Fre et al., 2005; Stanger et al., 2005) , or alternatively, a differential effect of the microbiota on the lifespan of different cell types within the epithelium. The paucity of serotonin-expressing enteroendocrine cells in the GF zebrafish gut could account for our observation of increased gut motility, which in humans is tightly regulated by serotonin levels (Gershon, 2005) . In contrast to our findings in starved GF zebrafish larvae, gut motility was reported to be slower in fed GF adult rats (Husebye et al., 1994) , although these differences could be due to developmental stage and gut contents of the animals.
A generic microbial signal influences digestive tract function
The ability of the microbiota to regulate digestive functions was suggested by transcriptional differences of genes involved in nutrient metabolism in both GF versus CV mice and zebrafish Rawls et al., 2004) and demonstrated by dramatic weight gain after GF mice are colonized with a complex microbiota (Backhed et al., 2004) . We observe a defect in the uptake of protein macromolecules in the GF zebrafish intestine. CV and XGF versus GF 6 dpf zebrafish express higher levels of farnesyldiphosphate synthetase and Apolipoprotein B, encoding proteins involved in lipid metabolism and trafficking (Rawls et al., 2004) . We report that the microbiota induce intestinal AP activity in the zebrafish intestine, and that bacterial LPS is sufficient for this induction, which appears to be transcriptionally regulated (J.M.B and K.G., unpublished data). AP, a classic marker of enterocyte maturation, had long been thought to promote lipid digestion, but recent analysis of mice in which the intestinal AP gene is deleted demonstrated that it functions to slow down lipid absorption in enterocytes (Narisawa et al., 2003) . Possibly the upregulation of this enzyme marks a transition from the nutrient starved state of the GF intestine, characterized by the transcription of fasting-induced adipose factor in both GF mice and zebrafish, that is signaled by the generic microbial molecule LPS upon the initiation of swallowing. LPS is a ligand for specific members of the innate immune system receptors, the TLRs, which have been described in zebrafish (Jault et al., 2004; Meijer et al., 2004) and may mediate microbial regulation of AP. Intriguingly, AP has been shown to dephosphorylate LPS, rendering it less toxic (Koyama et al., 2002) ; we are currently testing the possibility that a novel function of intestinal AP is to confer protection against inflammation from the LPS of the gut microbiota.
Individual members of the microbiota influence determinants of the gut ecosystem Differences in patterns of gut epithelial glycoconjugate expression have been described in GF versus CV mice (Bry et al., 1996) , similar to our findings in zebrafish. Host glycans are important mediator of microbial-host interactions that can serve as nutrient sources or cell surface receptors . For example, the bobtail squid, Euprymna scolopes, harvests its luminescent symbiont, Vibrio fischeri, from the seawater by expressing a glycan-rich mucous at the entrance to its light organ and, once colonized, down-regulates mucous expression (Nyholm et al., 2002) . Similarly, we observe a ring of Galα1,3Gal glycans at the zebrafish esophagealintestinal junction, the portal to the intestine, the downregulation of which requires colonization by constituents of the gut microbiota through a mechanism that appears to be transcriptionally regulated (J.M.B. and K.G., unpublished results). The α1,3galactosyl transferase gene responsible for Galα1,3Gal synthesis is elevated in GF versus CV mice (Fukushima et al., 2003) , and interestingly is a pseudogene in humans and old world monkeys, possibly due to a recent selection for loss of a pathogen receptor that conferred resistance to infection (Galili, 1999) . Analogously to the regulation of Galα1,3Gal expression in the zebrafish digestive tract requiring colonization by specific members of the microbiota, as opposed to generic microbial molecules, fucosyl conjugate expression in the mouse ileum requires a specific signal from Bacteroides thetaiotaomicron, which is regulated by the bacterium's perception of fucose availability (Hooper et al., 1999) .
The full extent to which the microbiota influence gut development and homeostasis remains to be explored Our data show how a beneficial microbial consortium uses multiple independent signals to interact with its host. Rawls et al. (2004) similarly demonstrated that zebrafish genes are regulated differently by the entire microbiota or isolated bacteria. Animal hosts co-exists with their associated microbes, both commensal and pathogenic, in a dynamic equilibrium that is likely to involve continual, active signaling (Falkow, 2006) . We hypothesize that certain generic microbial signals, such as LPS, promote host programs important for co-existing with both pathogenic and beneficial bacteria, such as the maintenance of epithelial integrity in response to injury (RakoffNahoum et al., 2004) . In the case of intestinal AP regulation, LPS from the microbiota may have been co-opted by the host as a developmental signal to regulate nutrient metabolism coincident with the initiation of feeding, or it may even play a role in mucosal tolerance. Expression of other host determinants of bacterial associations, for example, glycan receptors or nutrients utilized by specific members of the microbiota, is likely to be regulated by more specific bacterial signals. The intestinal epithelium is a continually renewing tissue that reuses developmental programs throughout adult life (Gregorieff and Clevers, 2005), thus microbial regulation of these programs may have long-term effects on digestive tract health. Germ-free zebrafish provide a powerful system for dissecting the microbial signals that influence gut development and homeostasis. By decoding the molecular dialogues between animals and their resident gut microbes, we will gain new insights into the mechanisms underlying digestive tract development and function and the etiology of pathogenic states such as inflammatory bowel disease.
